The present study aimed to investigate the role of frontopolar cortex in prospective memory (PM) by means of inhibitory theta-burst stimulation (cTBS). ''Experiment 1''-8 volunteers were evaluated after inhibitory cTBS over left Brodmann area (BA) 10, right BA10, and Cz. In the PM procedure, sequences of 4 words each were presented. During the intersequence delay, subjects had to repeat the sequence in the observed order (ongoing task forward) or in the reverse order (backward). At the occurrence of a target word, subjects had to press a key on the keyboard (PM task). Recall and recognition of the target words were also tested. PM accuracy was lower after cTBS over left BA10 compared with Cz (P 5 0.012), whereas it was comparable in right BA10 and Cz conditions. No other significant differences between the 3 conditions were found. ''Experiment 2''-8 subjects were administered the same experimental PM procedure as above after inhibitory cTBS over left BA46 and Cz. In this case, none of the tested effects were significant. Our findings corroborate the hypothesis that within the prefrontal cortex, the left BA10 is specifically involved in the mediation of processes related to the execution of delayed intentions.
Introduction
Prospective memory (PM) is the ability to remember to execute delayed intentions at the appropriate time. It is likely at the core of independent human behavior because its failure may have a significant impact on daily living abilities (Kliegel and Martin 2003) . Clinical studies report that PM is impaired in a variety of neurological and psychiatric disorders such as mild cognitive impairment (Troyer and Murphy 2007; SchmitterEdgecombe et al. 2009; Costa et al. 2010 ), Parkinson's disease (Costa, Peppe, Brusa, et al. 2008; , severe closed-head injury (Carlesimo et al. 2004; Henry et al. 2007) , and schizophrenia (Wang et al. 2009 ).
Understanding the brain correlates of PM is one of the current endeavors in cognitive neuroscience. Current views emphasize the role of the frontopolar cortex in the neural control of PM. In fact, in normal elderly individuals, a significant correlation has been repeatedly demonstrated between performance scores on tests sensitive to frontal lobe damage, particularly implicating dorsolateral regions, and accuracy on PM tasks (McDaniel et al. 1999; McFarland and Glisky 2009) . Impaired PM has also been reported in brain-damaged patients with lesions involving the prefrontal cortex (Burgess et al. 2000) . Until now, however, behavioral studies have failed to isolate a discrete region within the frontal lobes specifically associated with PM functioning. In fact, as Burgess et al. (2000) investigated patients with large brain lesions, only indirect inferences could be made about the functional link between PM functioning and discrete cortical regions.
By contrast, functional neuroimaging investigations have provided greater insight on involvement of the frontopolar cortex in PM processes (Okuda et al. 1998 (Okuda et al. , 2007 Burgess et al. 2001 Burgess et al. , 2003 Simons et al. 2006) . Most of these studies adopt event-based PM tasks in which subjects are required to execute a given action (e.g., press a key) when a target stimulus occurs. In a prototypical experimental paradigm, participants are engaged in an attentiondemanding ongoing activity; then, at the occurrence of the target event (which is embedded in the ongoing activity), the subject has to perform the action. Results of these studies consistently document increased neural activity in Brodmann area (BA) 10 in the frontal pole when subjects are engaged in maintaining and retrieving the delayed intention (Okuda et al. 1998; Burgess et al. 2001 Burgess et al. , 2003 Simons et al. 2006) . Some functional neuroimaging studies also demonstrated PM task--related metabolic changes at the level of a more posterior region of the frontal lobes, namely, the dorsolateral prefrontal cortex (DLPFC) (e.g., Burgess et al. 2001; Simons et al. 2006 ). This prefrontal region appears to be involved in a number of high-level cognitive functions such as working memory, response selection, executive abilities, declarative memory, and shifting abilities (Owen 1997; Dove et al. 2000; Rowe et al. 2000; Dobbins et al. 2002; Preston et al. 2009 ). Thus, its contribution to PM performance might be less specific and related to the attentional demands of the PM paradigm.
In the present study, we used a transcranial magnetic stimulation (TMS) paradigm to investigate the role of discrete regions in the human frontal lobes in PM functioning. The assumption that discrete regions of the frontal cortex (such as BA10 and BA46/9) have a critical role in successful implementation of PM processes is based exclusively on results of functional neuroimaging investigations in healthy individuals. Nevertheless, as argued by some authors (see, e.g., Henson 2004) , the finding of local hemodynamic changes related to performance on a cognitive task is not per se sufficient evidence of a causal relationship between brain events and behavior. In other words, based on these data, it cannot be concluded that a lesion confined to this cortical area actually affects performance on a PM task. However, as mentioned above, results of neuropsychological investigations are inconclusive due to the objective difficulty of selecting patients with cortical lesions confined to the brain regions of interest. The TMS paradigm used in the present study could circumvent the limits of available data because it permits investigating the transient effect of the functional inhibition of relatively circumscribed cortical areas on cognitive performance. Thus, it allows directly testing hypotheses about the causal relationship between reduced functioning of specific cortical regions and accuracy and/or speed changes in the performance of specific behavioral tasks.
In 2 experiments on different samples of healthy individuals, trains of inhibitory continuous theta-burst stimulations (cTBSs; Huang et al. 2005) were delivered over BA10 or BA46 to assess differential effects on PM performance. The cTBS is increasingly being used in cognitive neuroscience because of its ability to induce long-term changes of cortical excitability, with a better ratio between time of stimulation and the effect duration as compared with low-frequency repetitive transcranial magnetic stimulation (rTMS) paradigms (Huang et al. 2009 ). In previous studies, cTBS has been demonstrated to be effective in interfering with brain cortical functioning underlying language (Andoh et al. 2008) , visuospatial perception (Cazzoli et al. 2009 ), and sequential learning (Wilkinson et al. 2010 ). We are not aware of previous studies using cTBS or rTMS to investigate the contribution of frontal pole to PM functioning. However, a recent study evaluated the effect of single-pulse TMS over lateral frontal cortex on PM functioning in healthy individuals (Basso et al. 2010 ).
In the PM task, which follows the well-established paradigm introduced by Einstein and McDaniel (1990) , participants pressed a key at the appearance of a target word while they were engaged in a verbal span task (ongoing activity). The complexity of the task was manipulated by requesting the subjects to repeat the word strings forward or backward. In Experiment 1, cTBS was delivered over left and right BA10. Based on the evidence of a specific role of the frontopolar cortex in PM processes that did not depend on the attentional demands of the ongoing task (Okuda et al. 1998 (Okuda et al. , 2007 Burgess et al. 2001 Burgess et al. , 2003 Simons et al. 2006) , we predicted that cTBS would have a detrimental effect on performance accuracy and/or speed in the PM task regardless of the complexity of the span task (forward or backward sequence repetition). By stimulating the left and right frontopolar cortices separately, we were also able to assess the effect of hemispheric specialization on control of PM processes. However, we had no clear expectations in this regard. Although some previous functional neuroimaging studies suggested that the left frontopolar cortex may be more involved in PM processes than the right one (Pollmann 2001; Burgess et al. 2003; Okuda et al. 2007 ), other studies failed to reveal significant hemispheric lateralization (Burgess et al. 2001; Simons et al. 2006) . In Experiment 2, inhibitory cTBS was delivered over the left DLPFC (BA46). Based on the role of this cortical area in attention-demanding cognitive tasks, it can be hypothesized that during a PM task its activity is modulated by the complexity of the ongoing task. Therefore, we predicted that cTBS would have a larger effect over this region during backward than forward repetition tasks.
Experiment 1

Material and Methods
Subjects
Eight healthy right-handed college students (4 women; mean age 21 ± 2.7 years) volunteered to participate in this experiment. All gave written informed consent prior to the experiment. All human data were obtained in compliance with the regulations of our institution.
TMS Procedure
A MagStim Super Rapid magnetic stimulator (Magstim Company) connected with a figure-of-eight coil with a 90-mm diameter was used to deliver cTBS. The magnetic stimulus had a biphasic waveform with a pulse width of about 300 ls. During the first stimulus phase, the current in the center of the coil flowed toward the handle. Three-pulse bursts at 50 Hz repeated every 200 ms for 20 s (equivalent to cTBS, 300 pulses, in Huang et al. 2005) were delivered at 80% of the active motor threshold (AMT). The inhibitory effect of cTBS with these characteristics is supposed to last more than 15 min. (Huang et al. 2005) . In each experimental session, AMT was tested over the motor cortex of the corresponding hemisphere for right and left BA10 conditions, respectively. Electromyographic traces were recorded from the first dorsal interosseous muscle of the contralateral hand using 9-mm diameter Ag--AgCl surface cup electrodes. The active electrode was placed over the muscle belly and the reference electrode over the metacarpophalangeal joint of the index finger. Responses were amplified with a Digitimer D360 amplifier (Digitimer Ltd) through filters set at 20 Hz and 2 kHz with a sampling rate of 5 kHz, then recorded by a computer using SIGNAL software (Cambridge Electronic Devices). We used a neuronavigation system (Softaxic; EMS) to position the coil precisely over the stimulation sites, with individual anatomical magnetic resonance images; this technique has already been described in detail (Koch et al. 2007 ). Subjects had a magnetic resonance imaging (MRI) scan at 3.0 T (Siemens Magnetom Allegra; Siemens Medical Solutions). The individual coordinates of each stimulation site were normalized a posteriori into the Montreal Neurological Institute (MNI) coordinate system and averaged.
Subjects were administered the PM task in 3 different experimental conditions: 1) after cTBS over left BA10 (MNI coordinates: x = -30.3 ± 3.4; y = 50.9 ± 2.8; z = 13.6 ± 1.9 corresponding to the anterior portion of the left middle frontal gyrus; Simons et al. 2006) ; 2) after cTBS over right BA10 (x = 30.3 ± 3.6; y = 50.9 ± 3.8; z = 13.6 ± 2.7 corresponding to the anterior portion of the right middle frontal gyrus); and 3) after cTBS over a control site (x = 0 ± 3.8; y = 0 ± 2.7; z = 94 ± 4.1 corresponding to Cz position of the 10/20 EEG [electroencephalography system]). The Cz site is the most widely used control site for TMS studies because the auditory and somatosensory activations caused by vertex TMS can be equivalent to those of real TMS (Sandrini et al. 2011 ). According to a recent EEG--MRI colocalization study (Koessler et al. 2009 ), this site corresponds to the midline portion of the middle frontal gyrus. cTBS was delivered off-line over the regions of interest. After a preliminary phase, in which subjects were instructed about the cTBS protocol and trained to perform the experimental PM procedure (without cTBS), they were administered cTBS over the target site; after about 2 min, they received the experimental test. The cTBS conditions were performed in 3 different sessions, with an intersession interval of at least 2 weeks. The order of the conditions was randomized across subjects. The procedure was well tolerated in all subjects. The intensity of stimulation was (mean ± standard deviation [SD]) 34.8 ± 2.5% of maximum stimulator output (MSO) for the left BA10, 35.3 ± 3.2% of MSO for the right BA10 and 35.1 ± 2.8 for Cz. The intensity of stimulation for Cz was obtained by averaging the intensity values of the right and left hemispheres.
PM Task
The experiments were conducted in a soundproof dimly lit room. Subjects sat comfortably on an armchair at a distance of about 50 cm from the computer monitor; the center was aligned with the subjects' eyes. The experimental material consisted of 78 bisyllabic words. A first set of 54 words was used for the ongoing task; a second set of 24 words constituted the target PM stimuli. The 2 word sets did not differ either for frequency of occurrence in the Italian language (Bortolini et al. 1971) or for the taxonomic categories they belonged to (e.g., the words could be abstract or concrete nouns). Moreover, both the words used in each trail of the ongoing task and the 4 PM target words were semantically unrelated. Six experimental blocks were created. Each block consisted of 40 trials of an ongoing task in which subjects had to repeat a 4-word sequence in the order observed (forward modality) or in the reverse order (backward modality). However, in each block, 4 different target words were presented twice (on average, one target word in every 5 trials of the ongoing task); overall, a target word was presented in 20% of the trials. We chose to use 4 targets rather than a single target in order to avoid ceiling effects of performance (Einstein et al. 1992) . The positions of the target words within the block were established pseudorandomly according to the following procedure: The 40 trials were divided into 8 parts, each consisting of 5 trials; the target word could appear randomly in each of the 5 trials and in any of the 4 positions of the word sequence, with the constraint that it could be presented in this position only once in each of the 8 parts. In each of the 3 experimental sessions (i.e., cTBS over left BA10, cTBS over right BA10, and cTBS over Cz), 2 blocks were administered, one forward and one backward. The blocks were assigned randomly to the 3 experimental conditions, and their order of administration was randomized across subjects.
As mentioned above, the test session was preceded by a training phase with a shortened version of the experimental PM procedure, in which the subject was instructed to respond as accurately and as fast as possible to the PM targets (which were different from those used in the experiment). Following this phase, cTBS was delivered over the target site. At the beginning of each block, the examiner informed the subjects that they had to execute the ongoing task either forward or backward. Then the examiner read aloud the 4 target words the subject had to repeat aloud immediately and after a delay of about 1 min. The subject was also informed that the ongoing and the prospective tasks were equally important for obtaining a high score on the overall test. After a resting phase of about 2 min, subjects had to repeat what they were expected to do in the experimental task and to recall the 4 target words. Repeating the task content after a 2-min delay helped minimize demands on the retrospective component (i.e., remembering the task content) and focused on the PM component (i.e., initiating the PM task at the appropriate time) (Ozgis et al. 2009 ). Then, the experimental PM procedure was performed. In each of the 40 trials in a block, a 4-word sequence was presented. Each word was written in black and appeared at the center of a white screen for 1.5 s. A cross, which appeared at the center of the screen for 0.5 s, signaled the end of the trial. After a 3-s delay, the next sequence was presented. During the delay, the subject had to repeat the 4-word sequence in the previously indicated order (forward or backward). If one of the words in the sequence was a target word, the subject had to press a key on the keyboard as fast as possible (PM task). Note that the ongoing task had to be performed also in the trials in which a target word appeared, and the score achieved in these trials was computed in the total ongoing task score. The dependent variable for the ongoing task was the total number of correctly repeated 4-word sequences. Accuracy, that is, the number of times the subject pressed the key at the occurrence of the target word, and response times for correct answers were the dependent variables of the prospective task. The number of times the subject pressed the key at the occurrence of a nontarget word (false alarm) was also recorded.
At the end of each block, memory for target words was assessed by 2 tests: free recall and recognition. In the former, the subject was asked to say aloud the target words (correct hits were recorded). In the latter, the 4 target words and the 8 filler words (4 from the corpus of words used in the ongoing task and 4 new words) were consecutively presented at the center of the computer screen. The subject was required to press a key on the keyboard when he recognized a target word. An accuracy score was computed as the sum of hits and correct rejections.
Results
Subjects' accuracy and response times on the PM task, the ongoing tasks, and the recall and recognition tests were evaluated by means of 2-way analyses of variance (ANOVAs) for repeated measures with Stimulation Site (left BA10 vs. right BA10 vs. Cz) and Ongoing Task (forward vs. backward) as within factors. To avoid the risk of alpha inflation, the P level for planned comparisons was set at 0.017, according to Bonferroni's adjustment for multiple comparisons (i.e., 0.05/3).
PM Task
Average accuracy in the 3 different conditions of the PM task are reported in Figure 1 . The effect of Stimulation Site was significant (F 2,14 = 5.3, P = 0.019), but the Ongoing Task effect (F 1,7 = 0.3) and the Stimulation Site 3 Ongoing Task interaction (F 2,14 = 0.5) were not. Subjects were significantly less accurate after cTBS over left BA10 (mean percentage = 58.6%, SD = 22) than after cTBS over Cz (mean percentage = 73.4%, SD = 17; F 1,7 = 11.3, P = 0.012; Cohen's d = 0.74) and tended to be less accurate after cTBS over left than right BA10 (mean percentage = 74.2%, SD = 1.9; F 1,7 = 24, P = 0.033; d = 0.68). No significant A similar ANOVA applied to false alarms revealed no significant effects (Stimulation Site: F 2,14 = 1.3; Ongoing Task: F 1,7 = 0.1; Interaction: F 2,14 = 0.2), thus indicating that the number of false alarms was comparable between left BA10 (mean percentage = 2.1%, SD = 2.2), right BA10 (mean percentage = 1.0%, SD = 1.2), and Cz (mean percentage = 1.3%, SD = 1.1) conditions and that it was not affected by the modality of word sequence repetition in the ongoing task (forward or backward).
Regarding response times for correct answers (Fig. 2) , only the Ongoing Task effect was significant (F 1,7 = 7.65, P < 0.05; d = 0.35). Subjects' responses to prospective cues were faster during performance of the forward (mean = 797, SD = 98) than the backward (mean = 835; SD = 116) task. The Stimulation Site effect was not significant (F 2,14 = 0.38), thus documenting that response times did not significantly differ between the Cz (mean = 794, SD = 88), left BA10 (mean = 831, SD = 171), and right BA10 (mean = 823, SD = 61) conditions. The Stimulation Site 3 Ongoing Task interaction only approached statistical significance (F 2,14 = 3.48, P < 0.06). As can be observed in Figure 2 , this marginal interaction probably emerged because of 2 factors: 1) Response times to the PM task were faster in the forward than the backward ongoing task modality in the Cz and right BA10 conditions, whereas the reverse pattern (i.e., slower response times in the forward than the backward modality) was detected following cTBS over left BA10; 2) The difference between the forward and the backward modality appears to be greater after cTBS over right BA10 than in the other 2 cTBS conditions.
Ongoing Task
Accuracy scores on the ongoing tasks are illustrated in Figure 3 . A 2-way ANOVA revealed a significant effect of Ongoing Task factor (F 1,7 = 40.5, P < 0.01; d = 1.50); across the 3 experimental conditions, experimental subjects were more accurate on the forward than the backward task (mean percentage = 77.7%, SD = 13 and mean percentage = 52.6%, SD = 21, respectively). However, no significant effect of the Stimulation Site and Stimulation Site 3 Ongoing Task interaction was observed (F 2,14 = 1.4 and F 2,14 = 0.1, respectively; P > 0.20 in both cases). This indicates that the subjects were comparably accurate on the ongoing task after cTBS over left BA10 (mean = 66.1%, SD = 25), right BA10 (mean percentage = 59.6%, SD = 17), and Cz (mean percentage = 69.8%, SD = 22) regardless of whether the word sequences had to be performed forward or backward.
Following suggestions by Einstein et al. (2005) , we repeated the same as above analyses, removing the ongoing trials in which the PM targets were presented. The results resemble those above reported. Also in this case, the Ongoing Task factor was significant (F 1,7 = 41.4; P < 0.01; d = 1.38), while the main effect of the Stimulation Site and Stimulation Site 3 Ongoing Task interaction were not (F 2,14 = 1.21 and F 2,14 = 0.14, respectively; P > 0.30 in both cases), indicating that across the 3 experimental conditions, participants were more accurate on the forward than the backward task (mean percentage = 76.8%, SD = 14 and mean percentage = 52.8%, SD = 20, respectively).
Recollection of Target Words
The 2-way ANOVA revealed no significant effect for either free recall or recognition memory tests (F ranged from 0.1 to 1.6; P consistently >0.10). In fact, the mean number of target words correctly recalled was comparable following cTBS over left BA10 (mean percentage = 70.3%; SD = 23), right BA10 (mean percentage = 76.6%, SD = 12), and Cz (mean = 71.8%, SD = 17) and was not affected by the difficulty of the ongoing task. Likewise, comparable accuracy on the recognition test was observed following cTBS over left BA10 (mean percentage = 92.2%; SD = 7.2), right BA10 (mean percentage = 93.2%, SD = 5.4), and Cz (mean percentage = 94.8%, SD = 6.9, respectively).
Discussion
The main result of this experiment is that the subjects were significantly less accurate on the PM task following inhibitory cTBS over left BA10 than after cTBS over a control site and also tended to perform worse after stimulation of left than right BA10. Stimulation of left BA10 also seemed to affect response times in a peculiar way. In fact, although a general advantage of the forward compared with the backward modality was observed after cTBS over right BA10 and Cz, this advantage disappeared in the left BA10 condition. These findings are consistent with previous functional neuroimaging investigations that demonstrated the involvement of BA10 in the neural control of PM processes (Okuda et al. 1998 (Okuda et al. , 2007 Burgess et al. 2001 Burgess et al. , 2003 Simons et al. 2006 ). In particular, consistent with some previous studies, we found specific involvement of the left frontal pole in the modulation of PM processes (Pollmann 2001; Burgess et al. 2003; Okuda et al. 2007 ; but see Burgess et al. 2001 and Simons et al. 2006 for comparable involvement of left and right BA10 in PM tasks).
The frontal pole has been implicated in several cognitive processes other than PM, such as episodic retrieval, executive functions, working memory, and divided attention (see for a review Ramnani and Owen 2004; Gilbert et al. 2006 ). As it is generally accepted that performing a PM task involves all these cognitive functions (McDaniel et al. 2004; Bisiacchi et al. 2009 ), perhaps our finding of a detrimental effect of left BA10 inhibition on PM accuracy is actually related to an adverse effect of cortical magnetic stimulation on these cognitive processes. Nevertheless, this hypothesis is not supported by our data. In fact, subjects' episodic memory of the PM target words (as expressed by performance accuracy on both recall and recognition tests) and their accuracy on the ongoing task tapping working memory abilities did not significantly change following cTBS over left BA10 with respect to the Cz condition. Moreover, we found no effect of the various cTBS conditions on the false alarm rate, and the detrimental effect of cTBS over left BA10 on PM accuracy was not modulated by the difficulty of the ongoing task. These observations appear congruent with the results of a recent fRMI study by Reynolds et al. (2009) that demonstrated that sustained increase in activity of anterior prefrontal lobes is associated to PM task demands and not to the need to implement working memory processes.
Experiment 2
Material and Methods
Subjects
A new group of 8 healthy right-handed college students (4 women; mean age 23.6 ± 4.6 years) volunteered to participate in the experiment. Subjects gave their written consent to participate prior to the experiment. All human data were obtained in compliance with the regulations of our institution.
Procedure
The general characteristics of the cTBS procedure and the PM task were the same as in Experiment 1. However, based on the results of Experiment 1 in which the cTBS effect was found only after left hemisphere stimulation, here we chose to administer the experimental task in only 2 cTBS conditions: 1) after cTBS over left BA46 (x = -42.4 ± 4.2; y = 21.4 ± 5.3; z = 27.2 ± 4.9 corresponding to left middle frontal gyrus; Burgess et al. 2001) ; and 2) after cTBS over Cz (x = 0 ± 3.2; y = 0 ± 5.3; z = 94 ± 4.8). There was an interval of at least 2 weeks between the experimental sessions. Their order was fully randomized across subjects. The procedure was well tolerated in all subjects. The intensity of stimulation was (mean ± SD) 36.8 ± 3.5% of MSO for the left BA46 and for Cz.
Results
Performances on the PM, ongoing, and final recall and recognition tasks were analyzed by means of 2-way ANOVAs for repeated measures with Stimulation Site (left BA46 vs. Cz) and Ongoing Task (forward vs. backward) as within factors.
PM Task
Average accuracy scores obtained in the different conditions of Experiment 2 are reported in Figure 4 . The absence of a significant effect of Stimulation Site (F 1,7 = 0.6; d = 0.18) shows that PM accuracy did not significantly differ following cTBS over DLPFC (mean percentage = 74.2% and SD = 22) or Cz (mean percentage = 70.3% and SD = 20). Instead, the Ongoing Task effect was significant (F 1,7 = 5.6, P < 0.05; d = 0.68), demonstrating that subjects were more accurate on the PM task while performing the forward (mean percentage = 78.9% and SD = 17) than the backward (mean percentage = 65.6% and SD = 23) task. However, the nonsignificance of the Stimulation Site 3 Ongoing Task interaction (F 1,7 = 0.6; d = 0.45) demonstrates that the detrimental effect of the backward ongoing task condition on PM accuracy was the same following DLPFC or Cz stimulation.
A similar ANOVA on number of false alarms revealed no significant effect (Stimulation Site: F 1,7 = 0.0; d = 0.05; Ongoing Task: F 1,7 = 0.9; d = 0.36; Interaction: F 1,7 = 1.2; d = 0.66). In fact, a similar number of false alarms was found following Cz (mean percentage = 0.94%; SD = 0.4) and DLPFC (mean percentage = 0.90%; SD = 0.8) stimulation and while experimental subjects were performing the forward (mean percentage = 0.82%; SD = 0.4) and the backward (mean percentage = 1.0%; SD = 0.7) ongoing task.
Results of the ANOVA on response times to correct answers (Fig. 5 ) replicated those on accuracy scores. In fact, the Ongoing Task effect was significant (F 1,7 = 6.7, P < 0.05; d = 0.57), indicating that subjects were faster while performing the forward (mean = 802, SD = 87) than the backward (mean = 860, SD = 115) task. However, the nonsignificant Stimulation Site effect (F 1,7 = 0.8; d = 0.39) and Stimulation Site 3 Ongoing Task interaction (F 1,7 = 1.3; d = 0.57) demonstrated similar response times in the Cz (mean = 811, SD = 98) and DLPFC (mean = 851, SD = 104) conditions regardless of whether the subject was performing the forward or the backward ongoing task. Ongoing Task Average performance scores in the different conditions of the ongoing task are illustrated in Figure 6 . The significant effect of the Ongoing Task factor (F 1,7 = 19.1, P < 0.01; d = 1.43) shows that subjects were more accurate in the forward (mean percentage = 87.6%, SD = 3.5) than the backward (mean percentage = 62.2%; SD = 8.2) modality of sequence repetition. The absence of other significant effects (Stimulation Site: F 1,7 = 1.6, d = 0.41; Interaction: F 1,7 = 3.2, P = 0.12; d = 0.50) indicates that accuracy in the ongoing task did not depend on which site was stimulated, that is, Cz (mean percentage = 78.3, SD = 18.2) or DLPFC (mean percentage = 71.6, SD = 25.3).
The analysis performed without computing the scores on the ongoing trial in which the PM target was presented does not change the results. Also in this case, the Ongoing Task factor was significant (F 1,7 = 15.3, P < 0.01; d = 1.23) in the context of nonsignificant other effects (Stimulation Site: F 1,7 = 1.4, P > 0.20; Interaction: F 1,7 = 3.1, P = 0.12). These findings confirm that across the 2 cTBS conditions, subjects were more accurate in the forward than in the backward modality (mean percentage = 87.9%, SD = 9.5 and mean percentage = 64.1%, SD = 22, respectively)
Recollection of Target Words
Similar to what was observed in Experiment 1, average accuracy scores on the free recall and recognition tests for the target words did not differ between the Cz (mean percentage = 79.7%, SD = 13% and mean percentage = 95.3%, SD = 7.1, respectively) and the DLPFC (mean percentage = 73.4%, SD = 21 and mean percentage = 93.2%, SD = 6.6, respectively) conditions (recall: F 1,7 = 0.6; d = 0.27; recognition: F 1,7 = 3.5, P = 0.10; d = 0.27).
Furthermore, the Ongoing Task effect was not significant for either recall (F 1,7 = 4.2, P > 0.07; d = 0.48) or recognition (F 1,7 = 1.3, d = 0.29) tests. Finally, no significant Stimulation Site 3 Ongoing Task interaction was found (recall: F 1,7 = 1.0; d = 0.57; recognition: F 1,7 = 0.3; d = 0.34).
Discussion
The main result of this experiment was that inhibitory cTBS over the left DLPFC did not affect either accuracy or response times in our PM paradigm.
Based on the results of previous functional neuroimaging studies (Burgess et al. 2003; Simons et al. 2006) , it has been hypothesized that DLPFC involvement in PM performance is related to its critical role in executive functions and working memory (Dove et al. 2000; Kastner and Ungerleider 2000; Nagahama et al. 2001; Preston et al. 2009) . A recent TMS investigation seems to be particularly in line with this idea as the authors found that interference on PM performance produced by delivery of single-pulse TMS over DLPFC was greater in high working memory load conditions (Basso et al. 2010) . In fact, executive and working memory abilities are recruited in various ways during PM performance depending on the specific demands of the PM paradigm (e.g., Bisiacchi et al. 2009 ). We may have failed to document a detrimental effect of inhibitory cTBS over DLPFC on PM accuracy and/or response speed because our experimental task was not sensitive enough and did not strongly tap executive and working memory capacities. Delivery of cTBS over left BA46 did not significantly affect subjects' accuracy on the backward ongoing task, which is supposed to rely heavily on verbal working memory abilities. In this regard, there are reports that the most dorsolateral portions of the prefrontal cortex are specifically involved in monitoring and updating the operations of a working memory task (Petrides 1994; Owen, Doyon, et al. 1996; Oliveri et al. 2001) . Perhaps these abilities were not stressed enough in our ongoing tasks. The relatively low number of participants could have also hidden significant effects by reducing the power of statistical analyses. In this regard, it should be noted that although we did not find a significant Stimulation Site 3 Ongoing Task interaction, a moderate effect size was observed (according to Cohen's suggestion that an effect size of 0.2--0.3 indicates a small effect, 0.5 a medium effect, and 0.8 or more a large effect ; Cohen 1988) . This was substantially explained by the fact that after delivery of cTBS over left BA46, the PM response latency increased in the backward ongoing task modality (i.e., high working memory load condition). Interestingly, this observation is in line with the above-discussed TMS findings by Basso et al. (2010) . In fact, although the results of that study and ours are not directly comparable, most importantly because different TMS paradigms have been used (single-pulse TMS in the study of Basso et al. and off-line cTBS in ours), the results obtained by Basso et al. (2010) seem to suggest that the interference effect of TMS over DLPFC may be partially related to the working memory demand of the PM task (Basso et al. 2010) . Further studies employing different kinds of ongoing tasks and a greater number of subjects could better clarify the implication of frontolateral cortex in PM.
General Discussion
The present study adopted a TMS paradigm to investigate the role of discrete regions of the frontal lobes in the neural control of PM processes. The results of Experiment 1 show that delivery of inhibitory cTBS over the frontal pole in the left hemisphere (BA10) significantly reduced subjects' accuracy in an eventbased PM task. Conversely, delivery of inhibitory cTBS over the left DLPFC (BA46) did not interfere with either accuracy or response speed in the same PM paradigm (Experiment 2).
Increased neural activity in the frontopolar cortex during execution of an event-based PM task has often been reported in the functional neuroimaging literature (Okuda et al. 1998 (Okuda et al. , 2007 Burgess et al. 2001 Burgess et al. , 2003 Simons et al. 2006) . Nevertheless, the mere occurrence of a change in brain activity in concomitance with performance of a behavioral task is not sufficient to confirm a casual relationship between the 2 phenomena (Henson 2004) . By contrast, our finding of a significant decrease in accuracy on a PM task after functional inhibition of a cortical area in the left frontal pole provides evidence that the neural activity in this area is not only concomitant with the cognitive operations involved in the behavioral task but actually underlies them.
Instead, our data do not support previous functional neuroimaging and TMS evidence of a relationship between PM performance and changes in DLPFC activity (Burgess et al. 2001; Simons et al. 2006; Basso et al. 2010) . In addition to the abovediscussed methodological issues possibly accounting for this negative result, the findings of a functional magnetic resonance study by Koechlin et al. (1999) may help elucidate the different roles played by the frontopolar and dorsolateral prefrontal cortices in the neural control of the cognitive operations implicated in PM functioning. These authors demonstrated that the 2 cortical regions are differentially recruited to the extent that the behavioral task requires or does not require ''branching'' operations. The term branching refers to the process of integrating working memory with attentional resource allocation. In fact, it is required primarily in delayed-response paradigms in which relevant information has to be kept in working memory to allow returning to the main task after a secondary task has been completed (Ramnani and Owen 2004) . Koechlin et al. (1999) found that the magnetic resonance signal increased significantly at the level of BA10 bilaterally in a branching condition similar to the one described above, whereas BA9/46 activation was associated only with simple dual-task responses or with an additive effect of dual-task and delayed-response performance. According to the authors, their data indicate that the frontopolar cortex is needed when the subject has to keep a goal (pending task) in mind while exploring and processing concurrent subgoals but not when single working memory or attentional allocation operations have to be implemented. The function of the latter is considered associated more with the lateral prefrontal cortex (see also Koechlin and Hyafil 2007) . Our data are particularly congruent with this view. In fact, PM tasks like the one used in the present study typically require maintaining a goal (i.e., a prospective intention) in a pending state while being involved in an ongoing activity. Thus, success ''in the realization'' of the delayed intention depends on the ability to coordinate different cognitive operations rather than on the ability to lead (perform) a single operation. In fact, our results (Experiment 1) show that inhibition of left BA10 only reduces subjects' PM accuracy and does not affect the ongoing attentional task or the single operations involved in provoked retrieval (i.e., episodic memory recall and recognition tasks), while (Experiment 2) cTBS over left DLPFC seems to increase the subjects' response times during the ongoing task more demanding in terms of working memory and attentional resources (i.e., backward task). In summary, these results are consistent with hierarchical models that suggest that the rostrolateral prefrontal cortex supports the processing of higher-order relationships (Bunge et al. 2009 ) such as those needed to coordinate ''information processing and information transfer between multiple operations across supramodal cortex'' (Ramnani and Owen 2004, p. 190; lines 40--41) to solve problems requiring implementation of more than one discrete cognitive operation.
Our finding that inhibitory cTBS impaired PM accuracy only when it was delivered over left BA10 is consistent with previous functional neuroimaging investigations that reported an asymmetrical pattern of neural activity related to the performance of a PM task characterized by stronger activation of the left than the right frontal pole (Pollmann 2001; Burgess et al. 2003; Okuda et al. 2007; Bunge et al. 2009 ). In particular, some data seem to suggest a basic dominance of the left hemisphere in PM operations regardless of the kind of material used (e.g., pictures, complex scenes, and letter processing) (Burgess et al. 2003; Poppenk et al. 2009 ). However, as the PM paradigm used in our study involved the processing of words, we cannot rule out that the side effect simply reflects left hemisphere specialization for verbal material. This interpretation could be corroborated by finding an opposite right hemisphere effect in a PM paradigm using visual-spatial material.
In conclusion, although the relatively small sample recruited for the present study suggests cautiousness in generalizing the conclusions, our results provide the first evidence deriving from a TMS paradigm of a functional link between the frontopolar cortex and PM functioning. We verified that alteration of neuronal activity within lateral BA10 significantly affects the ability to accomplish with a delayed intention. Thus, together with previous findings, it provides cross-method convergence on the critical role of the frontopolar cortex in PM operations.
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